1. Introduction {#sec1}
===============

The application of TiO~2~ nanostructures in nanobiotechnology and biomedicine has gained increasing attention during the past few years.^[@ref1],[@ref2]^ In particular, highly curved crystalline nanoparticles (NPs) offer an enhanced reactivity for an easy conjugation with bioactive molecules, producing useful hybrid multifunctional nanodevices for simultaneous photodynamic therapy, drug delivery, and imaging.^[@ref3]−[@ref5]^

However, in a biological environment, without a proper stabilization, titanium dioxide NPs tend to aggregate and interact with the surrounding media, resulting to be cytotoxic and unfit for clinical treatments.^[@ref6],[@ref7]^ Polymer grafting on the nanoparticle surface is an effective route to improve solubility, mobility, and tissue penetration and reduce toxicity and undesired interactions. Coating with polyethylene glycol (PEG) is particularly convenient because it is inexpensive, FDA-approved, prevents nanoparticles agglomeration, opsonization from the immune system, and therefore increases the in vivo circulation time.^[@ref8]−[@ref11]^

Control over the grafting density is crucial for determining the polymer corona size and shape, which is directly connected to the system hydration and thus the dynamic behavior. Generally, a high grafting density is desirable to achieve complete coverage and improved biocompatibility.^[@ref12],[@ref13]^ For this reason, PEG is commonly modified to increase its reactivity toward the nanoparticle surface. Gold nanoparticles are decorated preferentially with thiol-containing PEG.^[@ref14]−[@ref16]^ Metal oxides nanoparticles (SiO~2~, Fe~3~O~4~, and TiO~2~) can be easily functionalized with PEG molecules terminated with different end groups: silica NPs are generally coated with silane-terminated PEG;^[@ref17]^ Fe~3~O~4~^[@ref18],[@ref19]^ and TiO~2~^[@ref20],[@ref21]^ nanoparticles are particularly reactive toward catechol, carboxylic, and phosphonate groups.

The PEG molecular weight (*M̅*~w~) is another key factor in determining the features of coated nanoparticles. Long PEG chains with high molecular weight significantly increase the effective size of coated nanoparticles: in some cases, the PEG corona accounts for over 90% of the particle volume. On the other hand, short PEG chains lead to much higher grafting densities.^[@ref14]^ Pozzi et al.^[@ref22]^ determined that PEG with *M̅*~w~ = 2000 g mol^--1^ is the best candidate for liposome nanoparticle PEGylation, providing a balanced compromise between anti-opsonization and efficient uptake. Xue et al.^[@ref23]^ demonstrated that iron oxide nanoparticles coated with PEG chains of sufficiently high *M̅*~w~ (5000 g mol^--1^) have an increased half-life time in the circulatory system.

From a computational point of view, surface functionalization of TiO~2~ with PEG was studied for a periodic slab model of a flat surface.^[@ref24]^ Modeling PEGylated NPs, in general, and TiO~2~ NPs, in particular, is a much more complex task and requires large realistic models and sophisticated tools. Studies on spherical PEG brushes based on Monte Carlo or coarse-grained molecular dynamics (MD) approaches are reported in the literature.^[@ref25],[@ref26]^ Behavior of PEGylated gold nanoparticles in an aqueous medium was simulated by coarse-grained or all-atom MD.^[@ref27],[@ref28]^ Classical MD was exploited both in the study of poly(methyl methacrylate) (PMMA)-grafted SiO~2~ nanoparticles and SiO~2~ nano-objects immersed in a polymeric (PEG) medium.^[@ref29],[@ref30]^ Binding of different polymers (including PEG) on an Fe~3~O~4~ (111) flat surface and surfactant agents and drugs on Fe~3~O~4~ nanoparticles were investigated by classical molecular dynamics.^[@ref31]−[@ref33]^ To the best of our knowledge, no computational studies exist on PEGylated TiO~2~ crystalline anatase nanoparticles.

Characterization of the polymer corona around an inorganic core is fundamental to understand the features of the nanocomposite and design a tailored synthetic route for specific properties. For example, helical or amorphous PEG chains repel proteins, whereas when in the all-trans form, they attract them, probably due to different hydration levels.^[@ref34]^ In the pioneering works on flat surfaces by de Gennes^[@ref35]^ and Alexander,^[@ref36]^ it was reported that, at a low grafting density, the mushroom conformation, where the polymer is unperturbed and coiled, is preferred, while at a very high density, the brush conformation, where the coil is stretched along linear chains, becomes predominant. In general, the assignment is based in terms of Flory radius (*R*~F~), which is the mean end-to-end distance of a polymer: if the mean distance (*D*~m~) between polymers anchored to the surface is higher than *R*~F~ (*D*~m~ \> *R*~F~), then a mushroom conformation is assigned; if *D*~m~ \< *R*~F~, then the polymers will assume a brush conformation. This kind of simplified model has been used for years to define polymer shell structures.^[@ref37]−[@ref41]^ More recently, it has been further refined by Labouta et al.^[@ref42]^ according to the following scheme: for *R*~F~/*D*~m~ \< 1, PEG chains assume a mushroom conformation; for 1 \< *R*~F~/*D*~m~ \< 2, a brush one; and for *R*~F~/*D*~m~ \> 2, the conformation is of a dense brush.

Daoud and Cotton (DC)^[@ref43]^ proposed another model to define the polymer conformation on spherical surfaces according to three different conformational regimes: a central rigid core of constant polymer density (very close to the surface), a concentrated regime where the polymer volume fraction Φ(*r*) varies linearly from the center of the NP (*r*^--1^), and finally the semidiluted regime where Φ(*r*) varies as *r*^--4/3^. During the years, the DC model has been extended and tested with computer simulations.^[@ref44]−[@ref46]^ In particular, Ohno et al.^[@ref47]^ postulated the existence of a critical radius in sufficiently dense polymer shells, which divides a concentrated polymer brush region (CPB) from a semidiluted polymer brush region (SDPB). A recent experiment based on small-angle neutron scattering (SANS),^[@ref16],[@ref48]^ small-angle X-ray scattering (SAXS),^[@ref49]^ and dynamic light scattering (DLS) of monodisperse nanoparticles^[@ref46],[@ref47]^ showed that, for both polymer-grafted gold and iron oxide NPs, the DC model and its extensions give a correct description of the polymer corona size and conformation. SANS and SAXS are complex and costly techniques, and DLS gives reasonable results only for very stable and monodisperse nanoparticles. For these reasons, no experimental study was so far performed on PEGylated TiO~2~ nanoparticles.

In this work, we combine experiments and theory to get atomistic insight into the metal-oxide NP/PEG/solvent interactions with the final aim to develop a preparation protocol for TiO~2~-based spherical brushes with the desired coverage and shell conformation. First, we compare the radius of gyration, which is an indicator of the degree of coiling, for a free PEG chain in water from experiments (by DLS measurements) and calculations (classical molecular dynamics simulations) to assess the quality of our computational setup. Then, we investigate the role of the linker type (−OH, −COOH, and −PO(OH)~2~) in the grafting process using monomer or low *M̅*~w~ PEG chains and comparing the experimental results with the corresponding quantum chemical calculations for the adsorption of PEG monomers on a 2.2 nm TiO~2~ spherical NP model (with the density functional tight binding method, see [Section [2.2](#sec2.2){ref-type="other"}](#sec2.2){ref-type="other"}). As a further step, we discriminate between different PEG corona conformations, comparing ^13^C NMR results with a dihedral angle analysis of spherical brushes from classical MD simulations. Our work provides indications on how to optimize the polymer grafting density on the TiO~2~ NPs and points out the limits of the accepted theories mentioned above for the polymer conformation definition.

The paper is organized as follows: in [Section [2](#sec2){ref-type="other"}](#sec2){ref-type="other"}, we report the experimental ([Section [2.1](#sec2.1){ref-type="other"}](#sec2.1){ref-type="other"}) and computational ([Section [2.2](#sec2.2){ref-type="other"}](#sec2.2){ref-type="other"}) details, and in [Section [3](#sec3){ref-type="other"}](#sec3){ref-type="other"}, we present the experimental results ([Section [3.1](#sec3.1){ref-type="other"}](#sec3.1){ref-type="other"}) and the theoretical simulation ([Section [3.2](#sec3.2){ref-type="other"}](#sec3.2){ref-type="other"}). Finally, in [Section [4](#sec4){ref-type="other"}](#sec4){ref-type="other"}, we summarize and discuss the results, and in [Section [5](#sec5){ref-type="other"}](#sec5){ref-type="other"}, we draw relevant conclusions on the role of the linker and molecular weight of the polymer on the grafting density and conformation of the PEG corona around TiO~2~ curved nanoparticles.

2. Experimental and Computational Details {#sec2}
=========================================

2.1. Experimental Details {#sec2.1}
-------------------------

### 2.1.1. Materials and Synthesis {#sec2.1.1}

#### 2.1.1.1. General Considerations {#sec2.1.1.1}

Synthesis of anatase TiO~2~ nanocrystals was performed with the solvothermal method described previously^[@ref50]^ and further exemplified in [Section S1.1](http://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.9b02329/suppl_file/cm9b02329_si_001.pdf) of the Supporting Information, where the reagents are also detailed. The resulting particles were initially capped with oleic acid (OLAC) and dispersed in hexane. Then, ligands were stripped following the procedure published before.^[@ref51],[@ref52]^ Here, we only detail the preparation of the ligands and the grafting step.

#### 2.1.1.2. mPEG-Succinic Acid and 4-(2-Methoxyethoxy)-4-oxobutanoic Acid {#sec2.1.1.2}

2-Methoxyethanol and mPEG of different molecular weights were modified with the same procedure;^[@ref53]^ we report an example for PEG with *M̅*~w~ = 5000 g mol^--1^ (PEG~5000~). Typically, 0.5 mmol of mPEG (polyethylene glycol monomethyl ether) was added and dissolved in anhydrous dioxane along with triethylamine (TEA) in a round-bottom flask. A solution of 4-dimethylaminopyridine (DMAP, 1 equiv) and succinic anhydride (1.2 equiv) in dioxane was slowly added to the mPEG solution. Then, the reaction was stirred for 24 h at room temperature and in a controlled N~2~ atmosphere. The solvent was dried in vacuum, and the crude product was precipitated three times in diethyl ether and three times in ethanol (yield 81%). ^1^H NMR (500 MHz, CDCl~3~): δ 4.27--4.24 ppm (t, 2H, −CH~2~CH~2~OCO), 3.9--3.3 ppm (m, 4H, −CH~2~CH~2~-- PEG chain), 3.37 ppm (s, 3H, −OCH~3~), 2.7--2.5 ppm (m, 4H, −CH~2~CH~2~-CO(OH)).

#### 2.1.1.3. mPEG-Phosphate and 2-Methoxyethanol 1-Phosphate {#sec2.1.1.3}

2-Methoxyethanol and mPEG of different molecular weights (*M̅*~w~ = 44, 500, 2000, 5000, 10,000, and 20,000 g mol^--1^) were modified with the same procedure.^[@ref18]^ We report an example for mPEG~500~: 0.5 mmol of mPEG was dissolved in dry dichloromethane (DCM) and added dropwise to a solution of phosphoryl chloride (POCl~3~, 1.2 equiv) and TEA (2.4 equiv) in an ice bath. The reaction was slowly brought to room temperature and then stirred for 24 h. Then, 5 mL of deionized water was slowly added to the mixture and left to react for 1 h. The solvent was removed in vacuum, and the crude product was dissolved in DCM and extracted, once with acidic water (HCl, 0.2 mM) and then three times with saturated brine. The organic phase was collected and dried over MgSO~3~, filtered, and precipitated three times in diethyl ether. ^1^H NMR (500 MHz, CDCl~3~): δ 4.12 ppm (m, 2H, CH~2~CH~2~--O--P), 3.62 ppm (m, 454H, −CH~2~CH~2~-- PEG chain), 3.34 ppm (s, 3H, −OCH~3~). ^31^P NMR (500 MHz, CDCl~3~): δ 2.01 ppm (s, 1P, OP(OH)~2~).

#### 2.1.1.4. Grafting-to of mPEG Derivatives on Anatase Nanocrystals {#sec2.1.1.4}

The decoration of the crystalline NPs was done with a grafting-to approach using functionalized mPEG of different molecular weights. A precise amount of the mPEG-functionalized polymer was dissolved in water and diluted to a concentration of 4 mM. The stripped crystalline anatase NPs, in the form of a powder, were added in the solution, and the mixture was sonicated for 10 min. Once the dispersion became homogeneous, the solution was stirred in different experimental conditions. A set of grafting experiments was carried at room temperature in water, while a second set of experiments was carried in DCM at reflux conditions. The product was then purified by centrifugation three times with DCM and dried in vacuum at 60 °C overnight.

### 2.1.2. Characterization {#sec2.1.2}

The hydrodynamic diameter and size distributions of the particles were determined by dynamic light scattering (DLS) in deionized water and DCM (0.1 mg mL^--1^). Measurements were performed at 25 °C on a Malvern Zetasizer equipped with a continuous wave 1 mW He--Ne laser operating at 632.8 nm and an avalanche photodiode detector, Q.E. \> 50% at 633 nm, placed at 173° with respect to the incident beam. The reported data were the average of at least three different measurements of the size distribution as the function of the intensity.

Colloid stability was evaluated with ζ-potential analysis; the measure was taken at 25 °C in deionized water, with a sample concentration of 0.1 mg mL^--1^ and using a Malvern Zetasizer instrument (see [Table S1](http://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.9b02329/suppl_file/cm9b02329_si_001.pdf)).

Nitrogen adsorption--desorption isotherms were measured at liquid nitrogen temperature using an ASAP 2010 analyzer (Micro-metrics). The samples were outgassed for 12 h at 473 K. The surface area was calculated using the Brunauer--Emmett--Teller (BET) model.^[@ref54]^ For X-ray characterization, a D8 Advance powder diffractometer (Bruker) was used with Cu Kα1 radiation (λ = 1.5418 Å) and a secondary-beam monochromator. The powder was added on a quartz sample holder and measured.

The amount and definition of the tethered ligand on the NP surface was verified with attenuated total reflection (ATR)--FTIR and thermogravimetric analysis (TGA).

Fourier transform infrared (FTIR) characterization was performed using a PerkinElmer Spectrum 100 instrument scanning from 650 to 4000 cm^--1^ with a resolution of 4 cm^--1^ for 64 scans. The sample, in the form of a powder, was added on the sample holder and directly analyzed over the Si crystal with the Universal ATR (UATR).

TGA was carried out with a Mettler Toledo TGA/DSC1 STAR^e^ System at a constant gas flow (50 cm^3^ min^--1^). The thermal profile is the following: 25 °C for 5 min (air); 25--800 °C with a rate 10 °C min^--1^ (air).

Thermal properties were determined by differential scanning calorimetry (DSC) using a Mettler Toledo DSC 1 instrument with a heating and cooling rate of 20 or 10 °C min^--1^ under nitrogen gas flow (80 mL min^--1^).

^1^H, ^31^P, and ^13^C NMR spectra were recorded using a Bruker AMX-500 spectrometer operating at 500 MHz. Samples were dissolved in deuterated water using standard 5 mm NMR tubes.

2.2. Computational Details {#sec2.2}
--------------------------

### 2.2.1. Models and Methods {#sec2.2.1}

All the molecular dynamics (MD) calculations were carried out with the AMBER16 simulation package.^[@ref55]^ The simulations were performed with periodic boundary conditions in all directions and with an integration time step of 0.5 fs. The systems were initially subject to a minimization of 50,000 steps, then they were heated up to the target temperature of 300 K for 500 ps using a Langevin thermostat (γ = 1 ps^--1^).^[@ref56]^ Finally, after 5 ns of equilibration, the production run was performed for 25 ns in the NVT ensemble.

For water, the TIP3P^[@ref57]^ model was used, while for TiO~2~, a simplified version of the Matsui--Akaogi force field^[@ref58]^ as reported by Luan et al.^[@ref59]^ To describe polyethylene PEG, we generated a Generalized Amber Force Field (GAFF).^[@ref60]^

For all the geometry optimization and adsorption energy evaluation, we used the SCC-DFTB approach^[@ref61]^ as implemented in the DFTB+ open-source code.^[@ref62]^ DFTB is an approximated DFT-based method, which allows to keep a quantum accuracy at an extremely reduced computational cost. Further information about this method can be found in refs ([@ref63]) and ([@ref64]). In this work, we employed the MATORG+HBD set of parameters we developed previously^[@ref65]^ using a threshold of 10^--6^ charge atomic unit (au) for the self-consistent charge (SCC) procedure and 10^--4^ au for the maximum forces in the geometry relaxation. Long-range van der Waals interactions were taken into account with the inclusion of the semiempirical dispersion correction proposed by Grimme (DFTB-D3).^[@ref66]^

The anatase TiO~2~ spherical nanocrystal model used throughout this work was designed through global optimization with a simulated annealing process at the DFTB level of theory and, successively, optimized with a hybrid density functional (DFT-B3LYP) in a previous work by some of us.^[@ref67]^ The stoichiometry of the model is (TiO~2~)~223~·10H~2~O, and it is characterized by an equivalent diameter of 2.2 nm (see [Figure S3](http://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.9b02329/suppl_file/cm9b02329_si_001.pdf)).

The PEG chain used in the MD simulations is a methoxy-PEG, H~3~C--\[OCH~2~CH~2~\]*~n~*--OH, with *n* = 11 for a total molecular weight (*M̅*~w~) of 516 g mol^--1^ (we will refer to this model as mPEG~500~). To functionalize the TiO~2~ spherical nanocrystal, the chains were first bonded to the 4-fold coordinated Ti atoms of the surface, which we have recently reported^[@ref68]^ to be the most reactive one, and then to the 5-fold coordinated Ti atoms, which allowed for the most symmetric and thus most equal distribution of the chains on the NP surface. We considered seven different coverage densities for the mPEG~500~\@NP system in water: σ = 0.225, 0.440, 0.676, 0.901, 1.126, 1.351, and 2.252 chain/nm^2^ (see [Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"} for a graphical representation and the stoichiometry and [Table S2](http://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.9b02329/suppl_file/cm9b02329_si_001.pdf) for details on the models). The systems were immersed in 6 nm^3^ (free mPEG~500~) and 10 nm^3^ (mPEG~500~\@NP) water boxes with densities of about 1.00 g/cm^3^.

In the case of the quantum chemical binding energy evaluation of water on the nanocrystal surface, we considered one, two, or three molecules of water molecularly (H~2~O) or dissociatively (OH,H) adsorbed on the undercoordinated surface Ti atoms according to what we have calculated on a previous study of some of us (see [Figure S4 and Table S3](http://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.9b02329/suppl_file/cm9b02329_si_001.pdf)).^[@ref68]^ Regarding the mPEG monomer adsorption, we took into account the same molecules used in the experiments, with three different terminal linkers (see [Figure S5](http://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.9b02329/suppl_file/cm9b02329_si_001.pdf)): the hydroxyl group mPEG-OH (2-methoxyethanol), the carboxylic group mPEG-COOH (4-(2-methoxyethoxy)-4-oxobutanoic acid), and the phosphonate group PEG-PO(OH)~2~ (2-methoxyethanol 1-phosphate).

More information on all the methods and models used in this work can be found in [Section S2.1](http://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.9b02329/suppl_file/cm9b02329_si_001.pdf) of the Supporting Information.

### 2.2.2. MD Analysis Indicators and mPEG Monomer Adsorption {#sec2.2.2}

During the MD simulations in water, different quantities were evaluated to understand the mPEG~500~/NP/water interaction and mPEG~500~ conformation and for comparison with the experiments. A detailed description of how these indicators were obtained is reported in [Section S2.2](http://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.9b02329/suppl_file/cm9b02329_si_001.pdf) of the Supporting Information; however, in the following, we briefly report on them. All the values were averaged between 2000 configurations collected every 2.5 ps during the last 5 ns of the production run. In the case of the free mPEG~500~, we increased the statistics performing three different production runs. The quantities calculated are as follows:1.Radius of gyration (*R*~g~): root-mean-square distance between each atom in the mPEG~500~ molecule and the center of mass of the molecule itself, normalized for the number of monomer considered.2.End-to-end distance (⟨*h*^2^⟩^1/2^): distance between the first and the last heavy atom (oxygen of the −OH head and carbon of the −CH~3~ tail) of the mPEG~500~ chain.3.Mean distance from the surface (MDFS): average distance of the center of mass of each mPEG~500~ chain grafted to the NP and the closest Ti atom of the surface.4.OCCO dihedral angle distribution: distribution of the values of all the OCCO dihedral angles for all mPEG~500~ considered. For the free mPEG~500~, the distribution is reported in [Figure S6](http://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.9b02329/suppl_file/cm9b02329_si_001.pdf).5.OCCO dihedral angle index (DAI): integral of the OCCO dihedral distribution after the removal of dihedral angles between ±90°. High DAI values indicate numerous *trans* dihedrals in the polymer chains.6.H-bonds: average number of hydrogen bonds (per monomer) between water and the O atoms of the mPEG~500~ chains.7.mPEG~500~ volume fraction (Φ(*r*)): volume fraction of mPEG~500~ calculated for the last 100 snapshots of the MD simulations using spherical layers of 0.09 nm starting from the center of the NP. For each CH~2~ unit and O atom of mPEG, we used a volume of 0.02 nm^3^, for water of 0.03 nm^3^.

Regarding the binding of the mPEG monomers, we took into account different kinds of adsorption for each molecule. The adsorption sites on the NP curved surface are 4-fold, 5-fold, and hydroxylated Ti atoms (see [Figures S3 and S4](http://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.9b02329/suppl_file/cm9b02329_si_001.pdf)). Also, undercoordinated superficial O atoms take part to the adsorption process, accepting the proton coming from the −OH dissociation or establishing an H-bond with the remaining −OH groups of the carboxylic or phosphonate linker. The mPEG-OH monomer allows only for a monodentate adsorption mode, the mPEG-COOH monomer for a monodentate, bidentate chelated, and bidentate bridging, while the mPEG-PO(OH)~2~ monomer for monodentate, bidentate, and tridentate ones (see [Figure S7](http://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.9b02329/suppl_file/cm9b02329_si_001.pdf)). In all cases, the adsorption was considered to form covalent bonds, while the remaining −OH groups (for mPEG-COOH and mPEG-PO(OH)~2~) can or cannot undergo a proton transfer to the closest undercoordinated O atoms of the nanoparticle surface. A total of 68 geometry optimizations were performed.

The adsorption energy (Δ*E*~ads~) of the monomers was compared to the adsorption energy of one, two, or three water molecules (Δ*E*~ads~^wat^) for monodentate, bidentate, and tridentate mPEG adsorption modes, respectively. The energy lost in removing water from the NP surface was subtracted to that gained in adsorbing the monomer in order to give the "so-called" competition energy: Δ*E*~ads~^comp^ = Δ*E*~ads~ -- Δ*E*~ads~^wat^. Also, in the case of water adsorption, a total of 68 geometry optimizations were performed.

From the single monomer adsorption, we devised an hypothetical "full coverage" for every linker considered (−OH, −COOH, and −PO(OH)~2~) as follows: (i) we considered the most stable single monomer configurations according to their adsorption energy; (ii) each site of the nanoparticle can be occupied only once; and (iii) we always tried to achieve the maximum coverage possible. On the basis of the three points just reported, the adsorption energies of the single monomers were properly taken into account and weighted to give an average binding energy per molecule in the full coverage regime (Δ*E*~ads~^full^). Following the same criteria, we also calculated the competition energy for the full coverage regime (Δ*E*~ads~^full -- comp^). It is important to underline that the full coverage has not been modeled, but we only hypothesized averaged adsorption energies on the basis of the results for the single monomers. Therefore, the binding energy values per molecule reported do not take into account the interaction between different mPEG monomers.

More details on the adsorption modes, adsorption energies, and full coverage design can be found in [Section S2.3](http://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.9b02329/suppl_file/cm9b02329_si_001.pdf) of the Supporting Information.

3. Results {#sec3}
==========

In the next sections, we first present the experimental results ([Section [3.1](#sec3.1){ref-type="other"}](#sec3.1){ref-type="other"}) on free methoxy-PEG (mPEG) chains in water, how the chemical nature of the linker influences the grafting of mPEG monomers on the TiO~2~ nanocrystals surface, the adsorption of mPEG at increasing molecular weight, and then the conformational analysis of the mPEG shell using NMR techniques. Then, in [Section [3.2](#sec3.2){ref-type="other"}](#sec3.2){ref-type="other"}, we present the analysis of the computational results on a single free mPEG~500~ chain (*M̅*~w~ = 500 g mol^--1^) in water, the chemical role of the linker on the monomers adsorption, the grafting density (at different coverage regimes, from σ = 0.225 to 2.252 chain/nm^2^), and finally the conformation of the various mPEG~500~\@NP model systems considered in this study.

[Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"} presents an overview of the samples investigated in this work with reference to their *R*~F~/*D*~m~ value, which was defined in [Section [1](#sec1){ref-type="other"}](#sec1){ref-type="other"}. The color shading of the plot background refers to the three conformational regimes in the simplified model proposed by Labouta et al.:^[@ref42]^*R*~F~/*D*~m~ \< 1, mushroom; 1 \< *R*~F~/*D*~m~ \< 2, brush; *R*~F~/*D*~m~ \> 2, dense brush. In the experiments, we varied the *M̅*~w~ of the grafted mPEG (along the *x* axis) and the type of terminal linker (square, circle, and triangle symbols in the figure) and increased the grafting density, which we report on the *y* axis in terms of the *R*~F~/*D*~m~ value. In the theoretical simulations (star points in [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}), we could not increase the *M̅*~w~ along the *x* axis due to the computational cost, but we could investigate very high grafting densities (*y* axis), higher than those experimentally obtained. In this way, we have an interesting overlap of the experimental and computational results at low *M̅*~w~ and low grafting density, but we may also explore other parts of the plot, which would be not accessible to one or the other approach and thus get a broader complementary overview.

![Plot of the *R*~F~/*D*~m~ ratio as a function of the number of monomer units present in the mPEG chains. Red squares, blue circles, and yellow triangles refer to −OH-terminated, −COOH-terminated, and −PO(OH)~2~-terminated mPEG chains, respectively, used in the experiments, whereas turquoise stars refer to the theoretical models. The color shading in the background identifies the three different conformational regimes from the model by Labouta et al.:^[@ref42]^*R*~F~/*D*~m~ \< 1, mushroom (green); 1 \< *R*~F~/*D*~m~ \< 2, brush (yellow); *R*~F~/*D*~m~ \> 2, dense brush (red). On the right, 3D sketches representing the conformation of the polymers in the different regimes are shown.](cm9b02329_0011){#fig1}

Later in the paper, we will also discuss an experimental protocol to push the grafting density at higher values along the *y* axis (leftmost triangles in [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}) and for a larger overlap with the computational results. This comparison will be fundamental to demonstrate that the conformational study of the polymer corona is more complicated than that predicted in the simplified model proposed by Labouta et al.^[@ref42]^ and used in [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"} to define the mushroom/brush/dense brush regimes.

3.1. Experimental Section {#sec3.1}
-------------------------

### 3.1.1. Free mPEG in Water {#sec3.1.1}

The size of polymer coils scales as the Flory radius, *R*~F~ = *aN^v^*, where *a* represents the monomer length (0.35 nm), *N* is the number of monomer units, and *v* is the Flory exponent.^[@ref69]^ This exponent depends on the polymer--solvent interaction: in a theta solvent, *v* is equal to 1/2, while in a good solvent, *v* is equal to is 3/5. In order to confirm that the system under study (i.e., mPEG) presents an analogous behavior, in line with what was reported by Linegar,^[@ref70]^ we used the DLS analysis to measure the hydrodynamic radius (*R*~h~) of each polymer. Each DLS experiment was performed at least three times to verify the reproducibility. Considering that *R*~h~ = 0.64 *R*~g~, we can derive the radius of gyration (*R*~g~). We assume that *R*~g~ is comparable to *R*~F~/2, since the Flory model describes the size of a polymer dissolved in a good solvent. The *R*~g~ values calculated from DLS are reported in [Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"} and [Figure S1](http://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.9b02329/suppl_file/cm9b02329_si_001.pdf). The experimental data are then (well) fitted using an allometric function (*y* = *ax^b^*), leading to constants that are, within error, in good agreement with the predicted *R*~F~ values (see [Table [2](#tbl2){ref-type="other"}](#tbl2){ref-type="other"}). On this basis, we can state that the polymer behaves as an ideal random coil dissolved in a good solvent (*b* = 3/5 as *v*) and that the Flory equation can be used to calculate the theoretical size of the polymer chains.

###### Results from the DLS Analysis Conducted at 25 °C in Water[a](#t1fn1){ref-type="table-fn"}

              water   
  ----- ----- ------- -----
  11    0.8   0.9     0.1
  45    1.7   2.3     0.2
  114   3.0   4.3     0.3
  227   4.5   5.0     0.2
  455   6.9   7.2     0.4

*R*~F~/2 represents half of the Flory radius, and *R*~g~ is the radius of gyration extrapolated by the *R*~h~ value.

###### Fitting Constant of the Allometric Function (*y* = *ax^b^*) Used To Fit the DLS Experimental Data

                          *a*     *b*              
  ----------------------- ------- -------- ------- -------
  theoretical *R*~F~/2    0.175            0.600    
  measured *R*~g~ water   0.241   0.0865   0.562   0.045

### 3.1.2. Effect of Different Linkers on the mPEG Monomer Adsorption {#sec3.1.2}

Anatase spherical nanocrystals with sharply defined diameter were synthetized and stripped from the oleic acid capping agent following the procedure described in a previous work^[@ref52]^ and detailed again in [Section S1.1](http://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.9b02329/suppl_file/cm9b02329_si_001.pdf). This step is necessary to avoid any competing effect due to the presence of other chemical species. The tethering efficacy of selected anchoring groups was evaluated through grafting-to of end-functionalized single monomer units. The use of small molecules reduces the entropic effects related to the presence of large polymer chains. These experiments were performed at a fixed time and polymer molar concentration using deionized water as a solvent. Each reaction was conducted for 72 h in order to avoid kinetic effects.

After particle purification, the efficacy of the grafting process was verified through FTIR spectroscopy ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}a), which proves the organic compound covalent attachment to the surface through comparison of the registered spectrum with the characteristic vibrational peaks of the 2-methoxyethanol-grafted nanocrystals. Between 2900 and 3050 cm^--1^, we can find the peaks related to the stretching of the CH~2~ groups and the methyl group covered by the large peak of the hydroxyl group of the titanium dioxide NPs (black line in [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}a). In the region between 2000 and 1000 cm^--1^, the spectra of the grafted NPs are similar, except the case of 2-methoxyethanol 1-phosphate (yellow line, −PO(OH)~2~) in which we see a weak signal at 1060 cm^--1^ assigned to the P--O vibrational peak. It is possible to detect two distinctive peaks at 1650 and 1570 cm^--1^ related to the succinic moiety carried by 4-(2-methoxyethoxy)-4-oxobutanoic acid (blue line, −COOH).

![(a) FTIR spectra of the grafted crystalline anatase NPs, in the same experimental condition, with modified ethylene oxide monomers: yellow line, −PO(OH)~2~; blue line, −COOH; red line, −OH. (b) Example of TGA of single monomer units functionalized with −PO(OH)~2~ (yellow line), −COOH (blue line), and −OH (red line) grafted on anatase NPs. The weight loss between 150 and 750 °C is used to assess the coverage.](cm9b02329_0010){#fig2}

The number of grafted molecules was established by analyzing the TGA traces, exemplified in [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}b for the three ligands and different end groups. After mass normalization, the number of grafted chains is calculated using [eq [1](#eq1){ref-type="disp-formula"}](#eq1){ref-type="disp-formula"}:where *W*~loss~% represents the weight loss percentage from the thermogravimetric analysis in the range between 150 and 750 °C, *M̅*w~molecule~ is the molecular weight of the grafted molecule, and *N*~a~ is the Avogadro's number.

Knowing the specific surface area (SSA), provided by BET measurements, which were shown to agree with transmission electron microscopy (TEM) for similar systems,^[@ref52]^ the coverage density σ can be easily calculated using [eq [2](#eq2){ref-type="disp-formula"}](#eq2){ref-type="disp-formula"}

The results are reported in [Table [3](#tbl3){ref-type="other"}](#tbl3){ref-type="other"}. It is clear that the largest number of organic molecules are grafted though the hydroxyl end group, followed by the carboxylic end group, and finally by the phosphonate end group. What drives the tethering process is probably the size of the anchoring group.

###### Grafting Densities (chain/nm^2^) of the Different Monomers Considered[a](#t3fn1){ref-type="table-fn"}

                                                                      σ      
  ---------------------------------------- ------------- ----- ------ ------ ------
  2-methoxyethanol                         --OH          76    5.21   2.50   0.04
  4-(2-methoxyethoxy)-4-oxobutanoic acid   --COOH        176   8.25   1.76   0.03
  2-methoxyethanol 1-phosphate             --PO(OH)~2~   156   6.46   1.53   0.03

The molecular weight and weight loss from TGA are also reported for each sample.

### 3.1.3. Effect of Different Linkers at Increasing *M̅*~w~ Adsorption {#sec3.1.3}

The NPs were then grafted with different mPEG chains (*M̅*~w~: 44, 500, 2000, 5000, 10,000, and 20,000 g mol^--1^) and the respective phosphonate and succinic acid derivatives. By infrared spectroscopy, we proved the presence of the covalently attached polymer on the surface through comparison between the characteristic vibrational peaks of the mPEG chains and those of the polymer-grafted nanocrystals as shown in [Figure S2a](http://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.9b02329/suppl_file/cm9b02329_si_001.pdf) of the Supporting Information.

As discussed in the previous section, the amount of the grafted polymer was established by analyzing the TGA traces, exemplified in [Figure S2b](http://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.9b02329/suppl_file/cm9b02329_si_001.pdf) for the three ligands with *M̅*~w~ = 500 g mol^--1^ and different end groups.

In order to relate the amount of the grafted polymer with the expected conformation, we assume that a single grafted chain acts as a non-interacting rigid sphere tethered on the surface in a single point. In these conditions, it is possible to calculate an experimental mean distance (*D*~m~), deduced by TGA and BET analysis following [eq [3](#eq3){ref-type="disp-formula"}](#eq3){ref-type="disp-formula"}:where Σ represents the footprint of the chain grafted on the surface, which is experimentally evaluated by [eq [4](#eq4){ref-type="disp-formula"}](#eq4){ref-type="disp-formula"}:where σ~exp~ is the experimental grafting density calculated using [eq [2](#eq2){ref-type="disp-formula"}](#eq2){ref-type="disp-formula"}. All the various steps are displayed in [Table [4](#tbl4){ref-type="other"}](#tbl4){ref-type="other"}, together with the respective Flory radius (*R*~F~). Theoretical *R*~F~ values used to determine the *R*~F~/*D*~m~ ratio are close to the experimental data provided by the radius of gyration derived from the hydrodynamic radius obtained with DLS analysis. Data in [Table [4](#tbl4){ref-type="other"}](#tbl4){ref-type="other"} was used to plot the dependence of the grafting density σ, the footprint Σ, and the mean distance *D*~m~ with the number of monomer units in [Figure S8](http://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.9b02329/suppl_file/cm9b02329_si_001.pdf) for a graphical presentation of the results.

###### List of the Experiments Conducted for This Work[a](#t4fn1){ref-type="table-fn"}

                                     σ        Σ        *D*~m~                               
  ---------------------- ----- ----- -------- -------- -------- ------ ------ ------ ------ ----------
  PEG~500~-OH            11    3.1   0.2206   0.0330   4.53     0.68   2.4    0.36   1.5    mushroom
  PEG~2000~-OH           45    5.5   0.1000   0.0020   10.00    0.20   3.6    0.07   3.5    mushroom
  PEG~5000~-OH           114   5.4   0.0396   0.0010   25.28    0.64   5.7    0.31   6.0    mushroom
  PEG~10000~-OH          227   6.4   0.0238   0.0006   42.09    1.06   7.3    0.18   9.1    brush
  PEG~20000~-OH          455   6.7   0.0124   0.0003   80.39    1.94   10.1   0.24   13.8   brush
  PEG~500~-COOH          11    3.9   0.2787   0.0093   3.59     0.12   2.1    0.07   1.5    mushroom
  PEG~2000~-COOH         45    6.3   0.1157   0.0030   8.64     0.22   3.3    0.21   3.5    mushroom
  PEG~5000~-COOH         114   6.4   0.0476   0.0010   21.03    0.44   5.2    0.11   6.0    brush
  PEG~10000~-COOH        227   6.8   0.0251   0.0006   39.81    0.95   7.1    0.17   9.1    brush
  PEG~20000~-COOH        455   6.7   0.0125   0.0003   80.06    1.92   10.1   0.24   13.8   brush
  PEG~500~-PO(OH)~2~     11    6.2   0.4567   0.0230   2.19     0.11   1.7    0.08   1.5    mushroom
  PEG~2000~-PO(OH)~2~    45    9.2   0.1747   0.0190   5.72     0.62   2.7    0.29   3.5    brush
  PEG~5000~-PO(OH)~2~    114   7.0   0.0518   0.0073   19.29    2.72   5.0    0.70   6.0    brush
  PEG~10000~-PO(OH)~2~   227   7.1   0.0265   0.0013   37.75    1.85   6.9    0.34   9.1    brush
  PEG~20000~-PO(OH)~2~   455   6.9   0.0127   0.0003   78.74    1.86   10.0   0.24   13.8   brush

Each experiment is conducted in water at 25 °C with \[mPEG\] = 6.7 M. Each line corresponds to at least three experiments, all the values corresponds to the arithmetic mean of each experiment with its standard deviation. The grafting density σ is calculated following [eq [2](#eq2){ref-type="disp-formula"}](#eq2){ref-type="disp-formula"}, Σ is the footprint of a single chain and calculated following [eq [4](#eq4){ref-type="disp-formula"}](#eq4){ref-type="disp-formula"}, *D*~m~ corresponds to the mean distance evaluated using [eq [3](#eq3){ref-type="disp-formula"}](#eq3){ref-type="disp-formula"}, *R*~F~ represents the Flory radius, and the conformation is deduced using the method illustrated in the main text.

As reported by Labouta et al.,^[@ref42]^ the ratio between the Flory dimension and the average distance between adjacent mPEG chains (*R*~F~/*D*~m~) can be used as an indicator for mPEG conformation: values below 1.0 indicate a mushroom regime, while those above 1.0 indicate brush. As *R*~F~/*D*~m~ approaches zero, interchain interactions become more and more scarce, and areas of bare particle between mPEG chains begin to dominate the particle surface. On the other hand, *R*~F~/*D*~m~ values equal to or larger than 2.0 represent denser brush configurations.

We used this guideline to construct the rightmost column of [Table [4](#tbl4){ref-type="other"}](#tbl4){ref-type="other"}, but, for visual effectiveness, in [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}, we inserted the experimental data within a map of the different predicted regimes (mushroom, brush, and dense brush) as a function of the *R*~F~/*D*~m~ ratio and the monomer units (*N*).

![Plot ratio of *R*~F~/*D*~m~ as a function of the number of monomer units in the mPEG chains. Three sets of samples were synthesized in deionized water. Red squares, blue circles, and yellow triangles refer to −OH-terminated, −COOH-terminated, −PO(OH)~2~-terminated mPEG chains, respectively, as obtained from the experiments. The color shading in the plot refers to the different conformational regimes as identified by the simplistic model: *R*~F~/*D*~m~ \< 1, mushroom (green); 1 \< *R*~F~/*D*~m~ \< 2 brush (yellow); *R*~F~/*D*~m~ \> 2, dense brush (red).](cm9b02329_0009){#fig3}

It is observed that, at a high molecular weight, all the data converge to the same value of *R*~F~/*D*~m~. At a lower molecular weight, the anchoring group plays a key role. In fact, the absolute mass of OH-functionalized short chains can be as low as 3%, less than half the corresponding PO(OH)~2~ derivatized polymer. It is reported in the literature that the best anchoring group for titanium dioxide surfaces are the phosphor end-group class of molecules^[@ref71]−[@ref74]^ (phosphonic acids, phosphoesters, phosphonate, etc.) followed by carboxylate end groups (maleate, carboxylic acid, anhydride, etc.) and hydroxyl groups. In general, all the classes of molecules can bind the highly reactive titanium dioxide nanoparticle surface, because it presents several undercoordinated titanium sites. We can calculate the grafting density (σ) and compare the grafting behavior of the different polymers. If we plot the σ versus the number of monomer units (*N*) in a double log axis (see [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}), then it is possible to appreciate and better understand the grafting behavior of the different sets of samples as a function of their end groups. Data points can be linearly fitted. The slopes obtained increase, indicating an increasing impact of the end group on the grafting reaction, going from mPEG-OH to mPEG-COOH and finally mPEG-PO(OH)~2~. With the proper chemical reaction, it is possible to modulate the grafting density.

![Plot of the grafting density σ (chain/nm^2^) versus the number of monomer units in the mPEG chains (*N*) using a double log axis. Experiments conducted in deionized water are represented. Red squares, blue circles, and yellow triangles represent −OH-terminated, −COOH-terminated, and −PO(OH)~2~-terminated mPEG samples, respectively. The dashed lines represent the best linear fitting of the curves.](cm9b02329_0008){#fig4}

Therefore, the role of the anchoring group in the economy of the grafting-to process is particularly relevant, especially at a low molecular weight. Many researchers have exploited this concept to enhance the NP surface chemical reactivity: the surface is first functionalized with a bifunctional linker, with one functional moiety being used for grafting on the surface and the other free to tether another molecule that would not spontaneously bind to the surface. This approach is found to be useful especially with silica nanoparticles (silanization process) that are effectively covered by alkoxysilane groups that bear another reactive group, such as a primary amine, acrylate or methacrylate, aldehyde, etc., that can easily react with a functionalized polymer.^[@ref75],[@ref76]^

The fundamental reasons of this effect are rooted in the energetics of all interfacial interactions between the three components of the system: NP, polymer, and solvent. Due to the strength of the interaction between water molecules and titanium oxide NPs,^[@ref68],[@ref77]^ there is an effective competition between water and the anchoring group of the polymer chains. Another interaction ought to be considered is the one between the polymer chain and the NP surface. It is known that polyethylene oxide interacts with the titanium dioxide NPs surface,^[@ref24],[@ref78]^ minimizing its high surface energy. It should be noted that the polymers used have a chain size comparable or even larger than the anatase NPs. The experimental data shows that, at a high molecular weight, few polymer chains are necessary to effectively passivate the anatase surface: it appears that the ethylene oxide monomer units interact with the titanium dioxide surface and lower the surface energy. Still, results seem to indicate that dense brushes are basically unattainable in these conditions.

### 3.1.4. Increased Coverage of mPEG~500~\@NP Samples {#sec3.1.4}

To investigate denser coverages, we varied the experimental conditions of the grafting-to process to obtain different samples for comparison. For instance, we performed a set of reactions at higher temperatures and higher starting molar concentrations. This requires a different reaction environment, since mPEG tends to separate from water at high temperatures.^[@ref79]^ A first attempt was made using 500 g mol^--1^ mPEG functionalized with the phosphonate group in dichloromethane (DCM) at a reflux temperature of 42 °C, constantly increasing the starting molar concentration of the polymer reagent. The sum of these factors should improve the number of chains grafted on the NP, particularly because a higher temperature enhances the mobility of the mPEG chain, providing the necessary energy to achieve less favored stretched conformations. Additionally, increasing the concentration of the polymer in solution leads to a higher probability of a chain to stick on to the anatase surface.

In [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}, in line with a previous study,^[@ref17]^ there is a detectable increase in the grafting density σ ([Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}a) as the starting concentration of mPEG increases, reaching values that are 55% higher than the starting number of grafted polymers. It is possible to verify the effect of the larger amount of the tethered polymer on its conformation by plotting the *R*~F~/*D*~m~ ratio ([Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}b) as a function of the starting molar concentration of the functionalized mPEG (same values as for the leftmost yellow triangles in [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}). It is possible to appreciate a shift to higher densities, but not up to the dense brush regime for this relatively low molecular weight (500 g mol^--1^). Still, these results are encouraging since they provide a tool to get more dense coverage of grafted polymers on TiO~2~ NPs.

![Plotted data of the (a) σ (chain/nm^2^) and (b) *R*~F~/*D*~m~ ratio as a function of the starting molar concentration (M). Both plots report data obtained from experiments conducted with phosphonate-terminated 500 g mol^--1^ mPEG in DCM at 42 °C with constantly increasing molar concentration of the polymer.](cm9b02329_0007){#fig5}

### 3.1.5. NMR Analysis of Free mPEG and mPEG\@NP Samples {#sec3.1.5}

One of the few tools that can be used to probe the polymer behavior in the native environment (dispersion) is ^13^C NMR spectroscopy. The chemical shift of polymers in solution depends on the partition between gauche and trans conformation over the experimental time. Another measurable effect of the polymer--surface interaction is the signal linewidth: both the proximity to the surface and the reduction of the chain mobility due to the interaction with nearby chains lower the spin--spin relaxation and thus increase the signal width.^[@ref52],[@ref80],[@ref81]^

In the case of PEG, at given a composition and temperature, the partition between the gauche and trans conformations can be predicted by the Karlström model.^[@ref79],[@ref82]^ The chemical shift of a theoretical PEG chain for the gauche conformation in water is estimated to be 71.58 ppm, whereas for the trans chain, it resonates at 73.83 ppm. Those values are referenced against HMDS (hexamethyldisilane). Here, we use the resonance of acetone methyl carbons at 30.89 ppm as an internal reference. The values become 69.15 and 71.40, respectively. When mPEG is dissolved in a good or theta solvent, it can have different conformations, ultimately producing a chemical shift given by the weighted average of those of the two conformers.

First, we measured the spectrum of mPEG~500~ in water, obtaining a single main peak at 70.26 ppm with 4.53 Hz linewidth, surrounded by resonance peaks of the end groups. The peak is reported in detail in [Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}. Using the values provided by Karlström, this corresponds to about 50% gauche conformations. The spectrum of mPEG~5000~ is very similar, except for the disappearance of the end groups, which are numerically negligible when the number of ethylene glycol units is increased by a factor of 10.

![Detail of the ^13^C NMR solution spectra of, from top to bottom, free polymers mPEG~5000~ and mPEG~500~ and the crystalline anatase nanoparticles grafted with mPEG~500~-PO(OH)~2~ in water and DCM. All spectra are acquired in deuterated water at 30 °C. Lines corresponding to the theoretical all-trans and all-gauche conformations are also presented.](cm9b02329_0001){#fig6}

Then, we measured the NP grafted with the phosphonate derivative of mPEG~500~ in water (NP-a in [Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}). This spectrum is much noisier, since the amount of mPEG~500~ on the surface of the nanocrystal is globally less than the equilibrium concentration of mPEG~500~ in water. Still, the chemical shift is the same as before, indicating that, locally, the chains have a similar configuration as free mPEG~500~.

For comparison, the NPs were prepared in DCM with excess mPEG~500~ phosphonate, *R*~F~/*D*~m~ around 1.3, and grating density of σ = 0.900 chain/nm^2^ (rightmost points in [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}). Despite possessing a very high coverage, greater than what can be achieved in water, this sample produces a very similar spectrum (NP-b in [Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}), indicating that, from the dynamical and conformational point of view, the polymer chains can be assimilated to a free polymer dispersion. In turn, this suggests that, up to this coverage, mPEG~500~ is behaving mostly as a free polymer with just one tethering point and little effect on the conformation or dynamics.

3.2. Computational Section {#sec3.2}
--------------------------

### 3.2.1. Free mPEG~500~ in Water {#sec3.2.1}

First, we investigated the conformation of the free mPEG~500~ chain in water to validate the force fields that we have generated and establish a reference of the ideal behavior for the free polymer in water. The calculated end-to-end distance (⟨*h*^2^⟩^1/2^) and the radius of gyration (*R*~g~) are 1.43 ± 0.40 nm and 0.60 ± 0.08 nm, respectively. These values are in good agreement (see [Table S4](http://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.9b02329/suppl_file/cm9b02329_si_001.pdf)) with other molecular dynamics simulations for PEG of similar size,^[@ref83]−[@ref85]^ experimental data in the literature obtained from static light scattering (SLS) measurements,^[@ref86],[@ref87]^ and data from this work reported in [Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"}. The average number of H-bonds per monomer is calculated to be 0.99 ± 0.08, which is slightly smaller than 1.08, calculated by Oelmeier et al. for a PEG chain of comparable length.^[@ref88]^ This discrepancy might be due to the geometric criteria used to calculate the H-bond number, which are not reported in the reference. Finally, to highlight the dynamic structural changes of the mPEG~500~ polymer chain in water, we have evaluated the conformation of the molecule considering the variation of each OCCO dihedral angle. The distribution of dihedral angles (reported in [Figure S6](http://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.9b02329/suppl_file/cm9b02329_si_001.pdf)) is mainly centered around the gauche(−) or gauche(+) configuration, that is, between ±30.00° and ± 90.00°, with a certain number of higher angles values up to ±120.00°. In particular, the distribution is peaked at −70.50° and + 71.50°, in good agreement with both molecular dynamic study,^[@ref88]^ where it is reported that a distribution equally peaked at −73.43° and +74.14°, and crystallographic data,^[@ref89]^ which indicate −74.95° as a gauche dihedral angle for the PEG molecular crystal.

### 3.2.2. mPEG Monomer Adsorption on the NP at Low and Full Coverage {#sec3.2.2}

The mPEG monomer interacts with the curved NP surface in several different ways depending on the linker used to attach it. In the case of the 2-methoxyethanol molecule (mPEG-OH), the linker is the hydroxyl group, which allows only a monodentate adsorption mode through dissociative adsorption on an undercoordinated Ti atom on the NP surface. In some cases, molecular (only on some 5-fold coordinated Ti atoms) or "upon-condensation" (only on hydroxylated Ti atoms) adsorption has been considered (see [Section S2.3 and Figure S7a](http://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.9b02329/suppl_file/cm9b02329_si_001.pdf)). For a single mPEG-OH monomer, the Δ*E*~ads~ values in vacuum vary from −1.0 to −2.0 eV, indicating an overall favorable binding of the monomer on the NP surface. However, if we consider the energy we lose upon the substitution of a water molecule with mPEG-OH, which is likely to be a closer situation to the real adsorption process, the values of Δ*E*~ads~^comp^ are considerably smaller, between −0.0 and −0.7 eV, indicating a strong water--PEG competition. All the adsorption modes considered for mPEG-OH and relative biding energies are reported in [Table S6](http://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.9b02329/suppl_file/cm9b02329_si_001.pdf).

For the 4-(2-methoxyethoxy)-4-oxobutanoic acid molecule (mPEG-COOH), which has a carboxylic group as a linker, the main adsorption modes are monodentate, bidentate chelated, and bidentate bridging (see [Figure S7b](http://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.9b02329/suppl_file/cm9b02329_si_001.pdf)).^[@ref90]^ When monodentate, Δ*E*~ads~ is computed to be slightly higher than for the mPEG-OH case, ranging from −1.0 to −2.5 eV, since the carbonyl group establishes H-bonds with the dissociated proton adsorbed on the surface of the nanoparticle. For both bidentate chelated and bridging case, Δ*E*~ads~ is quite similar and goes from −1.8 to −3.2 eV. When the linker binds in a bidentate fashion to the NP, two molecules of water are replaced; therefore, the loss in energy is quite important, and Δ*E*~ads~^comp^ is decreased to −0.0/--0.9 eV. All the adsorption modes considered for mPEG-COOH and relative biding energies are reported in [Table S7](http://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.9b02329/suppl_file/cm9b02329_si_001.pdf).

The last case investigated is the −PO(OH)~2~-terminated mPEG monomer (2-methoxyethanol 1-phosphate molecule). The main adsorption modes are the monodentate, bidentate and tridentate, as suggested also in different studies (see [Figure S7c](http://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.9b02329/suppl_file/cm9b02329_si_001.pdf)).^[@ref91],[@ref92]^ In general, the Δ*E*~ads~ values are quite larger with respect to the mPEG-OH and mPEG-COOH cases. In the monodentate case, since the two remaining −OH groups can establish H-bonds with the undercoordinated O atoms of the surface, the monomer ΔE~ads~ varies between −1.3 and -- 2.6 eV. The bidentate adsorption mode has ΔE~ads~, which varies between −2.0 and -- 4.0 eV (the remaining −OH group establishes H-bonds). In the case of the tridentate adsorption mode, ΔE~ads~ has a broad range of values. Since the phosphonate group has a trigonal pyramidal geometry, if the adsorption Ti atoms sites are geometrically not well displaced, the Δ*E*~ads~ is only around −1.0 eV, if they are in the correct pattern the binding is very strong and ΔE~ads~ reaches values up to −5.0 eV. All the adsorption modes considered for the phosphonate-terminated monomer and relative biding energies are reported in [Table S8](http://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.9b02329/suppl_file/cm9b02329_si_001.pdf).

In the experiments, the grafting density of small molecules, bound through the same linkers considered here, is very high;^[@ref92],[@ref93]^ therefore, to have a more realistic picture, we should cover the NP surface as much as we can. We obtained the ideally highest possible coverage, occupying the undercoordinated Ti atoms, according to the procedure detailed in [Section [2.2.2](#sec2.2.2){ref-type="other"}](#sec2.2.2){ref-type="other"} and [Section S2.3](http://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.9b02329/suppl_file/cm9b02329_si_001.pdf). The models conceived for the different linkers allow for the coverage of 76 (mPEG-OH), 78 (mPEG-COOH), and 82 (mPEG-PO(OH)~2~) Ti superficial atoms, as reported in [Table [5](#tbl5){ref-type="other"}](#tbl5){ref-type="other"}. Since there is a total of 100 Ti undercoordinated atoms, which can act as binding sites, the obtained coverage for these models is about 80%. We considered this as full coverage since no additional monomers could be added (according to what was stated in [Section [2.2.2](#sec2.2.2){ref-type="other"}](#sec2.2.2){ref-type="other"} and [Section S2.3](http://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.9b02329/suppl_file/cm9b02329_si_001.pdf)).

###### Adsorption Energy in Vacuum (Δ*E*~ads~^full^) and Compared to That in Water (Δ*E*~ads~^full -- comp^) in eV, Coverage Density σ, Number of Molecules, and Number of Ti Adsorption Sites Occupied for the Different Linker mPEG Molecules in the Full Coverage Regime[a](#t5fn1){ref-type="table-fn"}

  linker        σ (molecules/nm^2^)   no. of molecules   no. of occupied sites   Δ*E*~ads~^full^   Δ*E*~ads~^full -- comp^
  ------------- --------------------- ------------------ ----------------------- ----------------- -------------------------
  --OH          3.423                 76                 76                      --1.63            --0.45
  --COOH        2.883                 64                 82 (74)                 --2.28            --0.68
  --PO(OH)~2~   2.52                  56                 82 (78)                 --2.44            --0.84

Data reported in parentheses refer to values obtained considering the water competition if they differ from those in vacuum.

In the case of the −OH linker, the average adsorption energy per molecule (Δ*E*~ads~^full^) at this full coverage is −1.6 eV ([Table [5](#tbl5){ref-type="other"}](#tbl5){ref-type="other"}). If we subtract the energy lost by removing the water molecules (Δ*E*~ads~^wat^), then the net adsorption energy decrease to Δ*E*~ads~^full -- comp^ = −0.4 eV, which, however, still indicates an exothermic process.

There is a also strong competition with water in the case of the carboxylic group at full coverage (see [Table [5](#tbl5){ref-type="other"}](#tbl5){ref-type="other"}) with a decrease in energy of about 1.2 eV. However, for PEG-COOH, both Δ*E*~ads~^full^ and Δ*E*~ads~^full -- comp^ are more negative than mPEG-OH, indicating the stronger character of the linker.

For the full coverage of mPEG-PO(OH)~2~, we computed the most favorable adsorption energy: Δ*E*~ads~^full^ = −2.44 eV in vacuum and Δ*E*~ads~^full -- comp^ = −0.84 eV in water (see [Table [5](#tbl5){ref-type="other"}](#tbl5){ref-type="other"}). The loss in energy is 1.6 eV.

From what we have seen in this section, we can safely infer that, independently from the linker used, we have the formation of stable adducts. There is a clear trend in the values of both Δ*E*~ads~^full^ and Δ*E*~ads~^full -- comp^: mPEG-PO(OH)~2~ \> mPEG-COOH \> mPEG-OH. In addition, the −OH anchoring group is small and binds only in a monodentate fashion, the −COOH group is larger and also has a bidentate binding mode, and the −PO(OH)~2~ is the largest one and also presents a tridentate adsorption mode. For this reason, the trend of the grafting density (σ) obtained for each monomer type is mPEG-OH \> mPEG-COOH \> mPEG-PO(OH)~2~ (see [Table [5](#tbl5){ref-type="other"}](#tbl5){ref-type="other"}), in agreement with the experimental data from this work, reported in [Table [3](#tbl3){ref-type="other"}](#tbl3){ref-type="other"}, and a previous study where the coverage achieved with phosphonic acid and carboxylic acid on TiO~2~ nanoparticles was compared.^[@ref93]^

### 3.2.3. Conformational Analysis of PEG~500~ Polymer Adsorption on the NP (mPEG~500~\@NP) in Water at Increasing Coverage {#sec3.2.3}

In this section, we investigate the dynamical behavior of PEG chains around the TiO~2~ nanocrystal at different coverage regimes, from low (σ = 0.225 chain/nm^2^) to very high (σ = 2.252 chain/nm^2^), when the system is immersed in water. The chain distribution on the NP surface was based on the criterion that most binding sites (according to [Tables S3 and S6](http://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.9b02329/suppl_file/cm9b02329_si_001.pdf)) are first used as anchoring points. Representations of the last MD snapshot for the various grafting densities values are reported in [Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"}. The mean distance from the surface (MDFS) calculated for these systems is essentially constant (see [Table S5](http://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.9b02329/suppl_file/cm9b02329_si_001.pdf)), in the range between 1.00 ± 0.11 and 0.98 ± 0.03 nm, till a quite high coverage density, σ = 1.351 chain/nm^2^. This means that the polymers arrange at the same distance from the NP surface independently from the grafting density. Only at σ = 2.252 chain/nm^2^ that the distance increases to an average value of 1.09 ± 0.01 nm, indicating a possible stretching of the chains.

![Final MD snapshot for the mPEG~500~\@NP systems at different coverages (σ in chain/nm^2^) in water, with the respective stoichiometry. Titanium, oxygen, carbon, and hydrogen atoms are in cyan, red, green, and white, respectively. The water medium is not shown.](cm9b02329_0006){#fig7}

An important parameter to take into account, when analyzing the dynamic behavior of mPEG in aqueous solutions, is the number of H-bonds per monomer, which is reported in [Figure [8](#fig8){ref-type="fig"}](#fig8){ref-type="fig"}a as a function of the grafting density. At a low coverage (σ \< 0.5 chain/nm^2^), the grafted polymers are more hydrated than the free one due to the higher density of water around the NP, which was previously observed.^[@ref68],[@ref94]^ As the polymer density increases, the surface effect on water is shielded by the presence of mPEG~500~, and the fraction of volume accessible to the solvent, close to the surface, decreases (see [Figure [8](#fig8){ref-type="fig"}](#fig8){ref-type="fig"}b where the volume fraction Φ(*r*) of mPEG~500~ is reported as a function of the distance from the NP barycenter). The result is that the number of H-bonds per monomer decreases; particularly for σ \> 1.351 chain/nm^2^, there is a net jump toward low values.

![(a) Number of H-bonds per monomer for all mPEG~500~\@NP at different grafting densities σ (chain/nm^2^). (b) Volume fraction Φ(*r*) of mPEG~500~ around the nanoparticle as a function of the radial distance (in nm) from the NP barycenter. (c) End-to-end distance (height of the polymer corona, in nm) for all mPEG~500~\@NP as a function of the grafting density σ (in chain/nm^2^).](cm9b02329_0003){#fig8}

Since we are studying the conformation of polymers grafted to a spherical crystalline nanoparticle immersed in water, it is interesting to discuss the applicability of the Daoud and Cotton theoretical model,^[@ref43]^ developed for star-like polymers, to the systems under study. This model predicts that, for star-like brushes, with a sufficiently high coverage density, there is a polymer region defined as semidilute (see [Section [1](#sec1){ref-type="other"}](#sec1){ref-type="other"}), where the polymer volume fraction decreases with *r* according to Φ(*r*) ∝ *r*^--4/3^. If we look at the dashed line in [Figure [8](#fig8){ref-type="fig"}](#fig8){ref-type="fig"}b and compare it with the black circle points for our highest grafting density, we may conclude that our findings are in agreement with the model. In addition, further extensions of the originally proposed model^[@ref26],[@ref44],[@ref45]^ predict that, for very small particles, in the semidilute and good solvent conditions, the average brush height (*H*) scales as *H* ∝ σ^1/5^. The average brush height can be approximated with the end-to-end distance, as proposed by Dahal et al.^[@ref27]^ and done in [Figure [8](#fig8){ref-type="fig"}](#fig8){ref-type="fig"}c. The fitting with the model equation *H* ∝ σ^1/5^ is good. The small discrepancies observed can be attributed to statistical fluctuations.

Another relevant indicator for the conformation analysis of mPEG~500~\@NP in water is the OCCO dihedral angle index (DAI). As detailed in [Section [2.2.2](#sec2.2.2){ref-type="other"}](#sec2.2.2){ref-type="other"}, this indicator is proportional to the number of OCCO *trans* dihedral angles in the mPEG~500~ chains. Therefore, high DAI values are evidence of more stretched chains and therefore brush-like conformations.

In [Figure [9](#fig9){ref-type="fig"}](#fig9){ref-type="fig"}, the DAI value is reported as a function of the grafting densities for all the mPEG~500~\@NP systems considered in this work. We also show the DAI value for free mPEG~500~ and brush reference models (i.e., a reference system for very stretched and interacting mPEG~500~ chains). The brush reference model was developed and reported in a recent work by some of us^[@ref95]^ and corresponds to a highly covered flat (101) anatase TiO~2~ surface (σ = 2.573 chain/nm^2^).

![Dihedral angle index (DAI) calculated for the free mPEG~500~ chain (dashed black line), brush (blue cross) reference systems, and all the different grafting densities of PEG~500~\@NP systems (red dots).](cm9b02329_0005){#fig9}

From [Figure [9](#fig9){ref-type="fig"}](#fig9){ref-type="fig"}, we can also infer the role played by the surface curvature on the PEG chain conformation. Despite the similar grafting density (σ = 2.252 chain/nm^2^ for the most covered mPEG~500~\@NP system and σ = 2.573 chain/nm^2^ for PEG on the flat (101) surface), the conformation of mPEG~500~ grafted to the flat surface is much more stretched than that on the curved nanoparticle (as proven by the much higher DAI value). This can be explained considering that, in the case of the flat surface, the volume available to each PEG chain is constant when moving away from the surface, whereas in the case of the spherical NP, it progressively increases, allowing the PEG chain to coil. For nanoparticles with increasing size and consequent decreasing surface curvature, at an equal grafting density, we expect a gradually increasing stretching effect on the polymer chain.

We observe that, at a low coverage (σ \< 0.440 chain/nm^2^), mPEG~500~ chains grafted to the NP have the same configuration as free mPEG~500~ (similar low DAI value), indicating a strong mPEG/solvent interaction. As the density increases, the DAI slightly increases as well, but it remains surprisingly close to the free mPEG~500~ value, at least up to a grafting density of σ = 1.351 chain/nm^2^, still very far from the reference brush DAI value (0.25). Only for the highest coverage considered (σ = 2.252 chain/nm^2^), one may observe an increase in the DAI and therefore deduce that a transition to the brush conformation is occurring. In other words, an evident difference between the conformation of the free polymer and the grafted systems appears only at a rather high coverage (at least for σ \> 1.351 chain/nm^2^).

4. Discussion {#sec4}
=============

The comparison between experimental measurements and theoretical simulations is fundamental to establish: the controlling factors for an enhanced grafting density, and the conformation of the polymer corona around titanium dioxide nanocrystals. In the analysis of mPEG monomers adsorption in [Sections [3.1.2](#sec3.1.2){ref-type="other"}](#sec3.1.2){ref-type="other"} and [3.2.2](#sec3.2.2){ref-type="other"}, we have neglected the entropic contributions of the polymer chains (due to the small size) to the adsorption energy and focused on the surface chemistry of the linker used to anchor the PEG chains to the nanocrystals. Both experiments and calculations agree that, given a sufficiently long reaction time, the key factor in the adsorption process is the small size of the anchoring group: the smaller the group, the larger the number of total adsorbed monomers, that is, −OH \> −COOH \> −PO(OH)~2~ (see grafting densities in [Table [3](#tbl3){ref-type="other"}](#tbl3){ref-type="other"} for experiments and [Table [5](#tbl5){ref-type="other"}](#tbl5){ref-type="other"} for calculations).

However, when mPEG chains are sufficiently long, the entropic factors come into play, and there is a cost to order the chains on the surface. This cost is expected to be better counterbalanced by a strongly binding linker. Quantum chemical calculations show the highest binding energy for the −PO(OH)~2~ linker (see [Table [5](#tbl5){ref-type="other"}](#tbl5){ref-type="other"}). Indeed, experimental TGA data (see [Table [4](#tbl4){ref-type="other"}](#tbl4){ref-type="other"}) confirm that for 500 g mol^--1^ \< *M̅*~w~ \< 5000 g mol^--1^, the highest grafting density is observed for mPEG-PO(OH)~2~. For longer mPEG chains (*M̅*~w~ \> 5000 g mol^--1^), the entropic contribution becomes so large to cancel any enthalpy effect due to the linker binding energy (see [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}).

Analyzing our results according to the simplified model for polymers conformation by Labouta et al.^[@ref42]^ (as done in [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}), we observe that the higher *M̅*~w~ of mPEG, the higher the *R*~F~/*D*~m~ ratio: we go from a mushroom conformation (*M̅*~w~ = 500 g mol^--1^) to a brush one (*M̅*~w~ \> 500 g mol^--1^). In standard conditions, the dense brush regime is never reached. However, a higher coverage can be obtained by tuning various parameters. In [Section [3.1.4](#sec3.1.4){ref-type="other"}](#sec3.1.4){ref-type="other"}, we discussed that, for a fixed mPEG *M̅*~w~ (500 g mol^--1^), the factors determining an enhanced grafting density are the solvent, temperature, and mPEG concentration. It was shown elsewhere by some of us^[@ref24],[@ref95]^ that water competes with mPEG adsorption; therefore, the choice of DCM, which is a much less interacting solvent, is crucial to increase the grafting density. This, together with a higher initial polymer concentration and higher reaction temperature (42 °C), provides the conditions to obtain an *R*~F~/*D*~m~ ratio of 1.3 (see [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}), which is still not enough to assign the dense brush conformation to the sample, according to the model above.

However, we observe that the simplistic conformation assignment by Labouta et al.,^[@ref42]^ indicating a mushroom-to-brush transition at *R*~F~/*D*~m~ = 1.0, is not supported by our ^13^C NMR analysis ([Section [3.1.5](#sec3.1.5){ref-type="other"}](#sec3.1.5){ref-type="other"}). In [Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}, we have a clear indication that the mPEG~500~\@NP-b sample with the highest grafting density (σ = 0.900 chain/nm^2^ and *R*~F~/*D*~m~ = 1.3) shows the same chemical shift of free mPEG~500~ in water. Hence, the grafted mPEG is expected to have a random coil conformation and should still be considered in the mushroom regime. The same is found with simulations; the dihedral angle index (DAI) analysis in [Section [3.2.3](#sec3.2.3){ref-type="other"}](#sec3.2.3){ref-type="other"} gives a clear indication that till a grafting density of 1.351 chain/nm^2^, corresponding to an *R*~F~/*D*~m~ ratio of 1.5, the DAI index of the mPEG~500~\@NP sample is close to that of free mPEG~500~ in water. A transition to a brush-like conformation is noticed only for *R*~F~/*D*~m~ = 2.0, corresponding to a very high grafting density (σ = 2.252 chain/nm^2^), which we could not obtain experimentally. On the basis of our experimental and theoretical results, the simplistic conformation analysis graphically shown in [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}, at the beginning of this paper, should be revised to the new one reported here in [Figure [10](#fig10){ref-type="fig"}](#fig10){ref-type="fig"}.

![Plot ratio *R*~F~/*D*~m~ as a function of the number of monomer units present in the mPEG chains. The data reported are the same in [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}. Red squares, blue circles, and yellow triangles refer to −OH-terminated, −COOH-terminated, and −PO(OH)~2~-terminated mPEG chains, respectively, as obtained from the experiments, while turquoise stars refer to theoretical models. Now, the color shading is changed according to our results. Mushroom regime represents *R*~F~/*D*~m~ \< 2 (green), while the brush regime is reached only for very high densities, *R*~F~/*D*~m~ \> 2 (yellow). On the right, 3D sketches representing the conformation of the polymers in the different regimes are reported.](cm9b02329_0004){#fig10}

The new analysis proposed in [Figure [10](#fig10){ref-type="fig"}](#fig10){ref-type="fig"} is corroborated by other more accurate models for star brushes, such as the Daoud and Cotton one^[@ref43]^ and its successive extensions.^[@ref44]−[@ref46]^ The DC model works only when the polymer is in the brush conformation. Our data in [Figure [8](#fig8){ref-type="fig"}](#fig8){ref-type="fig"}b of [Section [3.2.3](#sec3.2.3){ref-type="other"}](#sec3.2.3){ref-type="other"} fits the DC model only for the highest grafting density (σ = 2.252 chain/nm^2^), which correspond to an *R*~F~/*D*~m~ value of 2.0. For this reason, we assign the change in conformation at this *R*~F~/*D*~m~ value (see change in background shading) in [Figure [10](#fig10){ref-type="fig"}](#fig10){ref-type="fig"}.

5. Conclusions {#sec5}
==============

In conclusion, this work reports for the first time a comprehensive combined experimental and theoretical investigation on the PEGylation of titanium dioxide curved nanocrystals. We not only determine the best synthetic protocol for obtaining a very high grafting density but also present an insightful conformational analysis, based on computational and ^13^C NMR data, that we use to fit existing and popular models in the literature, such as those by Labouta et al.^[@ref42]^ and Daoud and Cotton.^[@ref43]^

In standard conditions, we found that the most binding linker is the phosphonate group, also leading to the highest grafting density for the methoxy-PEG chains, when the molecular weight is between 500 and 5000 g mol^--1^. For larger *M̅*~w~, the role of the linker becomes negligible.

We have developed a procedure to further increase the grafting densities by changing the operating conditions. In particular, we have substituted the solvent from water to dichloromethane and increased the temperature from 25 to 42 °C and the starting polymer concentration from 6.7 to 23.0 M. The grafting density has reached the value of σ = 0.900 chain/nm^2^ to be compared with σ = 0.457 chain/nm^2^ in the previous conditions.

Regarding the conformational analysis, we have proved that the classical assignment by Labouta et al.^[@ref42]^ of the mushroom-to-brush transition at about *R*~F~/*D*~m~ = 1.0, where *R*~F~ and *D*~m~ are the Flory radius and the mean distance of the grafted polymer on the nanocrystal surface, respectively, is too crude. Our ^13^C NMR measurements and molecular dynamics simulations show that up to σ = 0.900 chain/nm^2^ and *R*~F~/*D*~m~ = 1.3, the mPEG polymer chains are still in a mushroom conformation. We have established that the transition takes place at approximately *R*~F~/*D*~m~ = 2.0. We have shown that our new assignment is confirmed by the more sophisticated Daoud and Cotton model. We wish to notice that the approaches that we have used, that is, ^13^C NMR and computational simulations, are much less demanding than the experimental measurements by SANS or SAXS,^[@ref16],[@ref48],[@ref49]^ which could be an alternative approach.

The study we have performed in this work could be applied to other PEGylated nanocrystals, providing a valuable and rational basis for the design of coated systems to be employed in many biomedical applications.

The Supporting Information is available free of charge on the [ACS Publications website](http://pubs.acs.org) at DOI: [10.1021/acs.chemmater.9b02329](http://pubs.acs.org/doi/abs/10.1021/acs.chemmater.9b02329).Synthetic details; data of the experimental characterization of the anatase TiO~2~ nanocrystal by XRD, TEM, DLS, and ζ-potential; radius of gyration calculated from DLS; FTIR and TGA spectra for grafted mPEG~500~\@NP samples; details on the generation of the AMBER force field for the mPEG chain; anatase TiO~2~ spherical NP model; graphical representation of DFTB binding energy distribution for molecular and dissociated water; structure and chemical formula of mPEG monomers with different terminal linkers; definition of the molecular dynamics analysis indicators; values of the gyration radius and end-to-end distance for the mPEG~500~ chain in water calculated from the molecular dynamics simulations; averaged distribution of OCCO dihedral angles of the free mPEG~500~ chain in water; mPEG monomer adsorption description and binding energy definition; graphical representation of the mPEG monomer adsorption mode considered; DFTB binding energy of the mPEG-OH, mPEG-COOH, and mPEG-PO(OH)~2~ monomer adsorption on the anatase TiO~2~ nanocrystal with different binding modes; and definition of the mPEG monomer full cover and relative binding energies definition ([PDF](http://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.9b02329/suppl_file/cm9b02329_si_001.pdf))
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